Introduction
It is known that triazine herbicides inhibit photo synthetic electron transport in chloroplast thylakoid membranes via direct interference with the function of the quinone Q B, the second stable electron acceptor at the reducing side of photosystem II (PS II) [1, 2] , From studies with the photoaffinity triazine analog, [14C]azidoatrazine, it has been shown that binding occurs at a chloroplast m em brane protein (the Q B-protein) with a m olecular weight (MW) of 3 2 -3 4 kilodaltons (kDal) [3, 4] , Studies of highly purified PS II preparations have demonstrated that this protein is a com ponent of the PS II reaction center complex [5] . Tryptic d i gestion of thylakoid m em branes radiolabeled in vivo with [35S] Met or in vitro with [14C]azidoatrazine produces identical, sequential peptide cleavages from 34 kDal to 32, 1 8 -1 9 , then 1 6 -1 7 kDal, with identical timecourses, indicating that the photoaffinity labeled protein is the same as the rapidly turned over 3 2 -3 4 kDal protein o f chloroplast thylakoids [6 -8 ] .
Recently, the sequence of the Q B-protein derived from its nucleotide sequence in spinach has been published [9] . We have used this sequence to interpret the peptide pattern obtained by fractiona tion of tryptic digests of [l4C]azidoatrazine labeled QB-protein under denaturing conditions. The frag ments have been identified by analysis of the patterns resulting from digestion of Q B-protein labeled in vivo with several radiolabeled am ino acids. Here, we report the m apping of the site of covalent attachment of azidoatrazine to an 85 amino acid fragment of the Q B-protein.
Materials and Methods
Spinach chloroplast thylakoids were isolated as described [3] , except that 5 m M MgCl2 was added to all buffers, and 10 m M NaCl was omitted. [l4C]azidoatrazine with a germ icidal UV lam p (American Ultraviolet; 1.5 m W /cm 2 at sample surface) at 0°C . The sample was photolysed as a 2.5 mm deep layer in a plastic petri dish covered with Saran wrap (Dow).
Preparative electrophoresis was perform ed on 3 mm thick, 15 cm long, 10-15% 4 m urea gradient slab gels, with 2 cm, 4 m urea stacking gels in corporating the buffer system of Laemmli [10] . Gels were fixed in 40% aqueous m ethanol containing 1 0 % acetic acid, then stained and destained as described [11] . Labeled Q B-protein was located by slicing, dissolving (30% H 2 0 2, 2% N H 4 Electroeluants were trypsinized [13] in siliconized glass tubes (AquaSil, Pierce) for 3 h at 37 °C, in electroelution buffer containing 2 % octylglucoside (Calbiochem), 3.8 m M ethylenediam inetetraacetic acid, and 13.6 jig/ml trypsin (TPCK -treated, Worthington). Gel perm eation chrom atography on LH-60 (Sigma) in formic acid:ethanol was per formed as described [14] (see legend, Fig. 1 ).
Results and Discussion
Following trypsin digestion of the [14C]azidoatrazine labeled Q B-protein, the tryptic fragments were separated by gel filtration and fractions analysed for 14C by liquid scintillation counting. The pattern of [14C]azidoatrazine labeling of the QB-protein tryptic peptides is shown in Fig. 1 . The activity eluted as three peaks: one peak at the void volume, another at an apparent molecular weight of 8.35 ± 0.76 kDal (peak I), and a minor peak at the included volume. An experiment in which untreated, [14C ]azidoatrazine labeled Q B-protein was fractionated on the same column is also shown in Fig. 1 . F or the undigested protein, the presence of l4C at the included volume shows that a small percentage (12%) of radiolabel dissociates from the Q B-protein in the solvent system used for elution. Successive treatments with trypsin reduced the void volume The samples were loaded in 1 ml of elution solvent. The void volume and included volume were measured with bovine serum albumin and Coomassie blue, respectively; molecular weights were approximated from the partition coefficients of bacteriorhodopsin proteolytic fragments [22] . The relative height of the void volume peak after 3 additions of trypsin, 6 h apart, is also shown (-). peak relative to peak I. This indicates that the void volume peak observed following a single trypsin treatment is due to undigested or partially digested material. Only peak I represents a [14C ]azidoatrazine labeled tryptic peptide which contains no further tryptic sites.
The possible terminal tryptic fragm ents which can arise from the Q B-protein are listed in Table I , along with their molecular weights and contents of four selected amino acids. The abbreviations used reflect reports [15] that translation actually starts at Met-37 in the sequence of Zurawski et al. [9] ; for this analysis, we have used the published residue num bers for the spinach protein. The high m olecular weight of the azidoatrazine labeled fragm ent (peak I, Fig. I) indicates that it could be T2 or T5 (see Table I ). This preliminary identification is also supported by the results of trypsin digestion of intact thylakoids labeled either with [14C]azidoatrazine in vitro or [35S]Met in vivo [6 -8 ] . Such d i gestion produces sequential degradation of the QB-protein to hydrophobic, m em brane-bound frag ments of 32 kDal, then 18-19 kD al, and finally 16-17 kDal, which are both m ethionine-rich and azidoatrazine labeled. This degradation pattern is best fit by sequential cleavage at Arg-64, then Arg-238, and finally Arg-225, to give the m ethio nine-rich fragment (17.4 kDal) composed o f T2, T j, T4, and T5 [9] . A further test of the identity o f the azidoatrazinelabeled fragment relies on the presence or absence of particular amino acids in the fragment. This test is performed by labeling the Q B-protein in vivo with radiolabeled amino acids, and then analyzing the Table I ). Fragm ent T9 is an unlikely candidate both on the basis o f m olecular weight (4.76 kDal) and its absence from any rea sonable fit to the sequential tryptic degradation of the Qß-protein in intact thylakoids. Fragm ents T2 and T5 can be distinguished by a dual label experi ment with [3H]Cys and [14C]azidoatrazine. The results of such an experim ent are shown in Fig. 3 , where the mobilities of the two radiolabels can clearly be distinguished. In addition, the ratio o f the two radiolabels in the void volume is different from (---) ; dpm values are corrected for spillover. C olum n conditions for all samples were as in Fig. 1 . (---) . The dpm values are corrected for spillover; column conditions were as in Fig. 1. the ratio for the overlapping peaks at the position of peak I; this also shows that the two labels can migrate independently. The large am ount of [3H]Cys, relative to [I4C]azidoatrazine, in the void volume peak in Fig. 3 suggests the presence o f T2 self dimers or mixed dimers with fragments o f trypsin, which also contain Cys. Treatm ent o f the tryptic peptides with dithiothreitol prior to gel filtration reduces the relative size of the [3H]Cys void volume peak, in support of this hypothesis.
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Fig. 2. Panel A: gel filtration o f tryptic fragments o f QB-protein labeled in vivo with [3H]Phe (-----) or [35S]Met (---). Panel B: gel filtration o f Q B-protein dual-labeled with [3H]His in vivo (-----), and [14C]azidoatrazine in vitro
We are not certain why the [14C]azidoatrazine labeled peak, assigned to T5 (8.93 kDal), elutes at a lower apparent molecular weight than the [3H]Cys labeled peak, assigned to T2 (7.04 kDal). One explanation is that T5 migrates anomalously, due to incomplete denaturation. It is clear from the highly variable migration of the Q B -protein on various SDS-polyacrylamide gel systems [5] that the entire protein is difficult to denature. Anomalous m igra tion (due to partial aggregation) of the cyanogen bromide fragments of bacteriorhodopsin has also been noted on LH-60 columns using the same solvent system [16] , Two less likely alternatives are a) cleavage of T5 after Asp or Asn by the formic acid used to solvate the peptides [17] , or b) a com plete misassignment of the fragments, and [14C]azidoatrazine labeling of T9. In order to completely exclude the possibility o f azidoatrazine labeling of T9, and to clarify the assignment of the various tryptic fragments, we have calculated the num bers of residues of Met, Phe, and His in the eluted peaks and compared these to the known am ino acid compositions of the tryptic fragments.
The tryptic peptides eluted from the LH-60 column fall into three molecular weight classes: a high molecular weight group (T2 and T5), an inter mediate group (T i and T9), and a low m olecular weight group (remaining fragments). Assuming that the fragments elute at close to their m olecular weights, we expect three eluted peaks (peaks I, II, and III, respectively), containing predictable ratios of radiolabeled amino acids. Such a pattern is demonstrated by Fig. 2 . A com parison of the areas under the peaks to each other and to their predicted ratios is shown in Table II . The ranges for peak I reflect uncertainties in how much of T2 has dim erized, and therefore migrates with the void volume. The range shown for the expected residues of Phe in peak II reflects the possibility of translation starting at Met-37 [15] . The num ber of am ino acids equiv alent to the area of peak III is assumed; other values are calculated relative to peak III. Processing of a Qe-protein precursor [8 , 18, 19] at its C-term inus [20] should not affect the Phe and His contents of jT|2, since both amino acids occur near the N-terminus of T\2.
The observed and predicted peak area ratios are in close agreement (Table II) The location of the site of covalent attachm ent o f azidoatrazine to the Q B-protein is the intriguing for two reasons. First, the site is well rem oved in the primary amino acid sequence from the site o f the single amino acid change at Ser-264 which gives rise to an Amaranthus biotype exhibiting greatly reduced triazine herbicide binding [15] . Either the single amino acid change affects the tertiary struc ture of the Q B-protein in a subtle, indirect way, or Ser-264 lies close to the portion o f T5 labeled by azidoatrazine when the Q B-protein is assembled into the PS II reaction center complex. Second, T5 con tains two Met-His pairings (at residues 194-195 and 198-199) suggested to be involved in Q B bin d ing from homology to quinone binding reaction center proteins from Rhodospeudomonas capsulata and several other organisms [21] . We are currently conducting experiments designed to locate precisely the site of [14C]azidoatrazine covalent attachm ent, to further test this hypothesis.
